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 ABSTRACT OF THESIS 
 
 
 
 
ELECTRODE AND ELECTROLYTE ADDITIVES FOR 
LIFETIME EXTENSION IN LITHIUM-ION BATTERIES 
 
 
Lithium-ion batteries (LIBs) are the most commonly used type of rechargeable batteries 
with a global market estimated at $11 billion, which is predicted to grow to $60 billion by 
2020. The global commercialization of Li-ion batteries is impeded by issues such as poor 
cycle life (<2000 cycles compared to >5000 cycles achieved in some LIBs) in high energy 
and power density applications because of the rising internal resistance due to aging and 
safety concerns such as overcharge which ultimately leads to thermal runaway and 
explosions. A battery’s performance mainly depends on external factors such as electrode 
thickness and degree of compacting, and the type of conductive additive and electrolyte 
mixture used, and internal factors such as its internal temperature and state of charge. The 
performance suffers due to aging or erroneous mechanisms such as decomposition of the 
electrode or electrolyte material affecting the lifetime. In this thesis, an attempt is made to 
improve the lifetimes of the Li-ion batteries by incorporating suitable electrolyte additives, 
which were incorporated in the battery electrolyte to prevent overcharge. Also, several 
conductive electrode additives were incorporated as filler materials in an anode to explore 
the effects on its discharge capacities. 
 
Keywords: overcharge, redox shuttles, electrolyte additives, electrode additives, graphitic 
anode 
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Chapter One: The Effect of Substituents at the N-Position on the Overcharge 
Performance of Phenothiazine Derivatives in Lithium-ion Batteries 
1.1. Introduction 
Since their commercialization in 1991,1 lithium-ion batteries (LIBs) have become 
the most popular method of energy storage in portable electronic devices. Applications on 
large scales ranging from powering hybrid electric vehicles (HEVs), plug in electric 
vehicles (PEVs) to full electric vehicles, are limited by lifetime and safety issues,2 one of 
which is overcharge.3 Overcharging in lithium-ion batteries occurs when an applied 
charge/voltage exceeds the battery’s maximum charge capacity, leading to elevated 
temperatures,4 degradation of electrode active material, electrolyte decomposition, gas 
evolution, lithium metal deposition, which ultimately lead to catastrophic battery failure.5-
8 In conventional single-cell batteries, Li-ion cells are normally charged at a constant 
current rate to a potential and then held fixed at that potential as the current equilibrates to 
near zero.9 However, such measures cannot be implemented in a battery pack. When a 
battery pack is charged, the charger does not monitor the voltage of each cell in the pack 
but collectively monitors the voltage of all the batteries in the pack to estimate the state of 
charge (SOC). In such cases there is a possibility one or more cells in the battery pack has 
a lower capacity than the others in the series (Figure 1-1a). The low capacity cell can reach 
its maximum SOC while the other cells are still being charged; as a result the lower capacity 
cell will overcharge (Figure 1-1b).10 
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Figure 1-1. A battery pack in series (a) discharged (b) partially charged. The blue bar 
indicates the SOC of each cell. 
There are several methods for overcharge protection of LIBs. External voltage 
regulation by the use of external circuitry has been used for overcharge protection in 
LIBs.11,12 As the voltage of the cell exceeds the threshold voltage value, the external circuit 
device is activated and it regulates charging current. The heat generated due to excess 
current can be absorbed on the external circuit since the excess current flows through the 
external circuit and not the battery, and this actively prevents heating of batteries leading 
to thermal runaway. The main advantage of this method is that the external circuit board 
can be connected to a variety of devices and tuned to achieve overcharge protection. 
Alternatively, polymer shorting agents, such as poly(3-butylthiophene) (P3BT)13-15 have 
been used for overcharge protection for LIBs. These reversible shorting agents function by 
redirecting the flow of current when a battery is fully charged. The shorting agents can be 
used both internally and externally to provide overcharge protection as shown in Figure 1-
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2. Both the external circuit method and polymer shorting agents add to the complexity of 
battery design, adding to the total weight and volume of the battery, which is a major 
drawback when the energy or power density of a battery is considered.  Another overcharge 
protection technique involves the use of inactivation agents such as biphenyl,16 3-
thiophenylpropane,17 3-chlorothiophene and furan.16 During overcharge the additives 
polymerize, forming insulating polymers on the surface of the electrodes, leading to the 
permanent shut down of the batteries. The effect of these additives on the total volume and 
weight of the batteries is not a significant concern as only small amounts are necessary for 
overcharge protection, but rendering the battery inoperable is undesirable.  
 
Figure 1-2. P3BT as polymer shorting agent can be used (a) outside the cell, (b) as an extra 
internal component of the cell and (c) as a composite in the separator between anode and 
cathode. 
Another method is the use of redox shuttles: redox shuttles are electrolyte additives 
that are incorporated into the battery electrolyte to provide an internal overcharge 
protection without disabling the battery functions.2 As these redox shuttles are mixed in 
small concentrations into the electrolyte, their use is relatively simple and does not add to 
  
4 
 
the overall weight of the battery. Every redox shuttle molecule has its characteristic redox 
potential and can be oxidized and reduced at this potential. During overcharge, as the 
potential of the cathode increases, the redox mechanism of the redox shuttle is activated.18 
The redox shuttle acts as internal current shunt when the cell exceeds a certain voltage i.e. 
the oxidation potential of additive. Ideally, this additive would be able to indefinitely 
shuttle back and forth between the negative and positive electrodes of the cell in different 
oxidation states and allow reversible electron transfer at each electrode.22 The redox shuttle 
(S) is oxidized at the cathode to form its radical cation (S+•). The radical cation then diffuses 
through the electrolyte to the anode where it gets reduced forming neutral redox shuttle 
molecule, and this neutral redox shuttle molecule then diffuses back to the cathode for the 
next redox cycle, while the electrons move from the positive electrode to the negative 
electrode through the external circuit as seen in Figure 1-3.10,19  The net reaction of the 
redox cycle is to shuttle the charge forced by the external circuit through the lithium-ion 
cell without also forcing intercalation/ de-intercalation of lithium in the electrodes of the 
cell.2  
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Figure 1-3. Proposed mechanism of the redox shuttle operation.  
Numerous compounds such as metallocenes,20-22 metal complexes,23 aromatic 
molecules,24-26 and conducting polymers13,27,28 have been reported to provide overcharge 
protection in LIBs. However, poor solubility in conventional battery electrolytes, poor 
stability of their oxidized forms, and low oxidation potentials limit the number of 
compounds that can be considered for commercial applications. A number of 
characteristics define an ideal redox shuttle: sufficient solubility in the battery electrolyte 
to facilitate diffusion during overcharge protection;22 an appropriate oxidation potential 
that is slightly higher than the end of charge potential of the cathode to minimize loss of 
energy capacity; high stability with no tendency to react with battery components.2,20 
Additionally, these molecules should be non-volatile and inexpensive. The most important 
criteria for a molecule to be a good redox shuttle is the stability of their radical cation form 
during overcharge cycling. Less stable radical cations lead to a reduced number of 
overcharge cycles.29  
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1.2. Motivation and Goals 
N-substituted phenothiazine derivatives have shown to protect LIBs from 
overcharge.29 Dahn and co-workers have reported that five N-substituted phenothiazine 
derivatives: N-methylphenothiazine (MPT), N-ethylphenothiazine (EPT), N-
isopropylphenothiazine (iPrPT), N-ethyl-3-chloro-phenothiazine (ClEPT), and N-
acetylphenothiazine (AcPT).30  These derivatives exhibited relatively large number of 
overcharge protection cycles when cycled in lithium titanium oxide/lithium iron phosphate 
(LTO/LiFePO4) coin cells as shown in Table 1-1. When cycled in the more conventional 
graphite/LiFePO4 coin cells, the same phenothiazine derivatives exhibited a fewer number 
of overcharge protection cycles (Table 1-1). Additionally, these compounds were tested in 
an electrolyte that contained 0.5 M lithium salt, which is lower than has been shown to 
show more extensive battery lifetimes (1.0-1.2 M).30 We have observed that higher 
concentrations of lithium salts can lead to a decreased number of cycles of overcharge 
protection.31  
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Table 1-1. Oxidation potentials and number of cycles of overcharge protection of reported 
phenothiazine derivatives in LiFePO4/LTO and LiFePO4/graphite coin cells. 
 
The main objective of this project was to study the effect of different substituents 
at the N-position of phenothiazine and also to determine how the substituents affect and 
overcharge performance. N-substituted phenothiazine derivatives were synthesized and 
their overcharge performance and radical cation stability were analyzed. It has been 
reported that the unsubstituted H atoms on the aromatic ring and heteroatoms can lead to 
unstable radical cations and thereby affect the overcharge protection.19 As the radical cation 
is first formed on the N atom and then delocalized over the aromatic rings,9,29,30 much 
emphasis was particularly placed on studying the effects of substituents at this position, 
Name Structure 
𝑬𝟏/𝟐
+/𝟎 vs. 
Li+/0 (V) 
Overcharge 
Protection Cycles 
N-methylphenothiazine 
(MPT) 
 
3.56 
155 [LiFePO4/LTO] 
13 [LiFePO4/graphite] 
N-ethylphenothiazine 
(EPT) 
 
3.52 
150 [LiFePO4/LTO] 
18 [LiFePO4/graphite] 
N-isopropylphenothiazine 
(iPrPT) 
 
3.62 
>162 [LiFePO4/LTO] 
7 [LiFePO4/graphite] 
N-ethyl- 3-chloro-
phenothiazine 
(ClEPT) 
 
3.58 
145 [LiFePO4/LTO] 
32 [LiFePO4/graphite] 
N-acetylphenothiazine 
(AcPT) 
 
4.08 
114 [LiFePO4/LTO] 
1 [LiFePO4/graphite] 
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ignoring the unsubstituted H atoms on the aromatic rings. Phenothiazine (PT), N-
methylphenothiazine (MPT), N-ethylphenothiazine (EPT), N-propylphenothiazine 
(nPrPT), N-isopropylphenothiazine (iPrPT), N-(tert-butyl)phenothiazine (tBuPT), and N-
phenylphenothiazine (PhPT) were selected for this study, as shown in Figure 1-4, based on 
increasing the substitution at the α-position to the N atom going from PT through tBuPT. 
PT was selected to observe the effect of no substituents at N atom. PhPT was studied to 
provide a derivative with sp2-hybridized C atom in the substituent.  
 
Figure 1-4. Phenothiazine derivatives evaluated in this study. 
1.3. Results and Discussion 
PT and MPT were purchased from commercial sources. EPT was synthesized 
previously by Dr. Selin Ergun and has been reported.29 nPrPT, iPrPT, tBuPT and PhPT 
were synthesized as shown in Scheme 1-1. The synthetic procedures are described in 
chapter three. All the products were characterized by 1H NMR, 13C NMR, mass 
spectrometry, and elemental analysis.  
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Scheme 1-1.  The synthesis of EPT and nPrPT (a), iPrPT and tBuPT (b), and PhPT (c).  
1.3.1. Computational Analysis 
Prior to testing the selected phenothiazine derivatives as redox shuttles, density 
functional theory (DFT) calculations were performed for all the selected molecules using 
B3LYP/6-31G** basis set32,33 to calculate adiabatic ionization potentials (AIPs). From the 
AIP values, the oxidation potentials of the selected redox shuttle candidates could be 
predicted versus lithium (Li+/0), using the formula [-0.91+0.71(AIP)], where AIP is the 
adiabatic ionization potential of the phenothiazine derivative calculated by DFT 
calculations. The formula was developed in the laboratory by screening a library of 
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phenothiazine molecules. By applying the formula to the selected phenothiazine 
derivatives it could be determined if they qualify to protect the LiFePO4 cathodes against 
overcharge even before they are actually synthesized and tested. The predicted oxidation 
potentials by the formula must be in close range (0.1-0.2 V) to the end of charge potential 
of the LiFePO4 cathode. The AIPs and predicted oxidation potentials of the selected redox 
shuttle candidates are shown in Table 1-2. The predicted oxidation potentials of the 
selected redox shuttle candidates ranged from 3.44-3.61 V, which is in close proximity to 
the end of charge potential of LiFePO4 cathode at 3.60 V.34 Therefore, all the selected 
candidates were chosen for testing overcharge performances in graphite/LiFePO4 coin cell 
batteries. 
Table 1-2. Adiabatic ionization potentials (AIP) and predicted oxidation potential of the 
selected redox shuttle candidates versus Li+/0 at 0 V.  
Compound Calculated Adiabatic 
Ionization Potential (eV) 
Predicted  𝑬𝟏/𝟐
+/𝟎 vs. Li+/0 (V) 
PT 6.34 3.59 
MPT 6.38 3.61 
EPT 6.37 3.61 
nPrPT 6.22 3.50 
iPrPT 6.32 3.57 
tBuPT 6.47 3.68 
PhPT 6.14 3.44 
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Through DFT calculations, the molecular geometries of the neutral form of the 
selected redox shuttle candidates and their radical cation forms were also predicted. 
Phenothiazine derivatives have a folded butterfly like structure in their neutral forms. This 
angle is also called as ‘butterfly angle’, which is created by the folding of the two phenyl 
rings around the central ring containing the N and S atoms in a phenothiazine skeleton as 
shown in Figure 1-5b. The numbering of atoms according to which the butterfly angles, 
torsion angles, bond lengths and bond angles could be predicted is represented in Figures 
1-5a and 1-5b, respectively, through the top view and the side view of a general 
phenothiazine skeleton.  
 
 
Figure 1-5. Thermal ellipsoid plot for a phenothiazine skeleton with 50% probability top 
view (a) and side view (b) along the S-N line showing the numbering system. Hydrogen 
atoms were omitted for clarity. 
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The geometries optimized by the B3LYP/6-31G** basis set method on the 
phenothiazine derivatives and their radical cations are summarized in Tables 1-3 and 1-4. 
The radical cations are represented by superscripted symbols: a dot and a plus sign. From 
the tables it can be seen that different substituents alter the structure of the phenothiazine 
derivatives in both neutral and radical cation forms. From Table 1-3, a comparison of the 
butterfly and torsion angles of PhPT and tBuPT shows that there is a difference of around 
20-30° between the two angles, with PhPT diverging more towards planarity. Also, in their 
neutral forms, all the selected phenothiazine candidates showed butterfly angles ranging 
from 131-153° and 129-139° at N and S atoms respectively. In their radical cation forms, 
the angles changed to 143-176° and 144-159° at the N and S atoms, respectively. This 
indicates that in their radical cation form all the selected phenothiazine derivatives were 
diverging towards planarity. The formation of radical cation of phenothiazines also 
shortens the S-C and N-C bonds and increases the C-S-C and C-N-C bond angles as 
summarized in Table 1-4. These changes in structure indicate that the π-delocalization 
plays a more important role in radical cations than in the neutral forms and the preferred 
radical cation geometry is planar.35  
 
 
 
 
 
  
13 
 
Table 1-3. Butterfly angles and torsion angles of the neutral and radical cation form of the 
selected redox shuttle candidates.  
Compound 
Butterfly Angle (°) Torsion Angle (°) 
C2-N1-C11 C5-S1-C8 C2-C1-N1-C12 C6-S1-C7-C8 
PT 148.32 139.91 147.28 152.21 
PT+. 170.07 158.27 179.95 179.98 
MPT 141.25 134.52 140.33 147.60 
MPT+. 161.20 154.39 160.99 167.80 
EPT 136.49 131.80 135.57 144.62 
EPT+. 158.68 152.64 156.95 165.20 
nPrPT 153.63 139.93 152.67 152.74 
nPrPT+. 168.03 157.49 168.32 172.07 
iPrPT 141.47 133.91 139.48 147.33 
iPrPT+. 156.74 151.70 155.84 164.64 
tBuPT 131.83 129.90 131.73 142.92 
tBuPT+. 143.16 144.46 142.90 156.83 
PhPT 149.24 137.22 148.14 150.00 
PhPT+. 174.26 159.41 180.00 179.95 
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Table 1-4. Bond length and bond angles of the neutral and radical cation form of the 
selected redox shuttle candidates.  
Compound 
Bond Length (Å) Bond Angles (°) 
C1-N1 (C12-N1) C6-S1 (C7-S1) C1-N1-C12 C6-S1-C7 
PT 1.403 (1.403) 1.786 (1.786) 122.43 99.68 
PT+. 1.376 (1.376) 1.750 (1.750) 128.21 103.51 
MPT 1.414 (1.414) 1.782 (1.782) 119.23 98.47 
MPT+. 1.395 (1.395) 1.742 (1.742) 123.83 102.20 
EPT 1.417 (1.416) 1.783 (1.785) 117.87 97.96 
EPT+. 1.399 (1.399) 1.743 (1.743) 122.95 101.85 
nPrPT 1.415 (1.415) 1.778 (1.788) 121.73 99.30 
nPrPT+. 1.398 (1.398) 1.740 (1.740) 124.16 102.53 
iPrPT 1.416 (1.415) 1.781 (1.782) 118.98 98.35 
iPrPT+. 1.398 (1.401) 1.743 (1.742) 122.06 101.58 
tBuPT 1.421 (1.421) 1.785 (1.785) 115.71 97.59 
tBuPT+. 1.405 (1.405) 1.746 (1.747) 118.47 100.10 
PhPT 1.421 (1.421) 1.780 (1.780) 121.14 99.03 
PhPT+. 1.398 (1.398) 1.743 (1.742) 125.22 103.00 
 
1.3.2. X-Ray Studies 
The X-ray structures for PT36, MPT37 and EPT29 have been reported. Single crystal 
X-ray structures were obtained for iPrPT, tBuPT and PhPT as they were synthesized in the 
laboratory. The single crystal X-ray structure could not be obtained for nPrPT as the 
compound was an amorphous powder, and I was unsuccessful in crystallizing it. Thermal 
ellipsoid plots shown with 50% probability, both showing the πiface of the PT and view 
rotated 90º, are shown in Figures 1-6 through 1-8. Selected inter-atomic distances and 
angles along with the crystal data and structure refinement for iPrPT, tBuPT and PhPT 
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crystals are summarized in Tables 1-5 and 1-6 respectively. The X-ray structures revealed 
that the benzene rings in the PT derivatives deviate from planarity at N and S positions 
depending on the type of substituents at N position, with dihedral angles ranging from 
134.6° to 150.8°, as shown in Table 1-5, which is consistent with the DFT predictions. The 
bulkier substituents at the N positions shortens the S-C and N-C bonds and increases the 
C-S-C and C-N-C bond angles, and torsion angles at N atom increases and S atom 
decreases as summarized in Table 1-5. The single crystal X-ray structures were not be 
obtained for the corresponding radical cations because I was unsuccessful in isolating them.  
  
 
Figure 1-6. Thermal ellipsoid plots for iPrPT shown with 50% probability top view (a) 
and side view (b) along the S-N line. Hydrogen atoms were omitted for clarity. 
 
 
 
  
16 
 
 
Figure 1-7. Thermal ellipsoid plots for tBuPT shown with 50% probability top view (a) 
and side view (b) along the S-N line. Hydrogen atoms were omitted for clarity. 
 
 
Figure 1-8. Thermal ellipsoid plots for PhPT shown with 50% probability top view (a) 
and side view (b) along the S-N line. Hydrogen atoms were omitted for clarity. 
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Table 1-5. Selected interatomic distances and angles for iPrPT, tBuPT and PhPT. 
 iPrPT tBuPT PhPT 
S…N distance (Å) 2.976 2.960 3.023 
Bond length (Å) 
1.414 (4)  
[C1-N1] 
1.413 (4)  
[N1-C12] 
1.419 (4)  
[C1-N1] 
1.422(4)  
[N1-C12] 
1.412 (3)  
[C1-N1] 
1.409 (3)  
[N1-C12] 
Bond length (Å) 
1.765 (3)  
[C6-S1] 
1.764 (3)  
[S1-C7] 
1.766 (3)  
[C6-S1] 
1.766 (3)  
[S1-C7] 
1.754 (3)  
[C6-S1] 
1.763 (2)  
[S1-C7] 
Bond Angle (°) 
118.2 (2)  
 [C12-N1-C1] 
115.8 (2)  
[C12-N1-C1] 
122.7 (2)  
[C12-N1-C1] 
Bond Angle (°) 
98.06 (14)  
[C6-S1-C7] 
97.80 (13)  
[C6-S1-C7] 
101.17 (12)  
[C6-S1-C7] 
Torsion Angle (°) 
41.9 (4)  
 [C1-N1-C12-
C7] 
  45.0 (4)  
[C1-N1-C12-
C7] 
23.5 (3)  
[C1-N1-C12-
C7] 
Torsion Angle (°) 
38.4(3)  
 [C7-S1-C6-
C1] 
38.2 (3)  
[C7-S1-C6-
C1] 
23.4 (2)  
[C7-S1-C6-
C1] 
Torsion Angle (°) 
 139.3 (3)  
[C12-N1-C1-
C2] 
132.9 (3)  
[C12-N1-C1-
C2] 
154.5 (2)  
[C12-N1-C1-
C2] 
Torsion Angle (°) 
 145.1(3)  
[C6-S1-C7-
C8] 
142.0 (2)  
[C6-S1-C7-
C8] 
161.3 (2)  
[C6-S1-C7-
C8] 
Torsion Angle (°) 
26.8(4) 
 [C13-N1-
C12-C11] 
43.4 (4)  
[C13-N1-
C12-C11] 
2.4 (3)  
[C13-N1-
C12-C11] 
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Table 1-6. Crystal data and structure refinement for iPrPT, tBuPT and PhPT.  
Compound iPrPT tBuPT PhPT 
Empirical formula C15 H15 N S C16 H17 N S C18 H13 N S 
Formula weight 
(gmol-1) 
241.34 255.36 275.35 
T (K)                        90.0 (2) 90.0 (2) 90.0 (2) 
Wavelength  (Å)                       0.71073 0.71073 1.54178 
Crystal System Monoclinic Orthorhombic Triclinic   
Space group P 21/c P n a 21 P -1 
Unit cell 
dimensions  
a (Å)    
b (Å)    
c (Å)    
α (o) 
β (o) 
γ (o)            
 
 
30.0896(1) 
11.2147(1) 
15.1785(3) 
90 
102.5361(5) 
90 
 
 
12.2813(2) 
9.4201(3) 
11.4663(3) 
90 
90 
90 
 
 
10.3719(7)  
10.5779(6)  
14.6270(9) 
97.216(4) 
105.751(4) 
111.878(3) 
V (Å3)                            4999.81(11) 1326.55(6) 1386.31(15) 
Z 16 4 4 
dcalc (g cm–3) 1.282 1.279 1.319 
Absorption 
coefficient(mm-1)  
0.235 0.225 1.953 
Crystal size (mm) 
0.28 x 0.26 x 
0.22 
0.21 x 0.14 x 
0.12 
0.12 x 0.10 x 
0.03 
Θ range for data 
collection    
1.387 to 25.999 2.725 to 27.468 3.246 to 67.976 
Index Ranges 
-37≤h≤37 
-13≤k≤13 
-18≤l≤18 
-15≤h≤15 
-12≤k≤12 
-14≤l≤14 
-10≤h≤12 
-12≤k≤12 
-15≤l≤17 
Reflections 
collected/ unique     
19124 / 9829  
[R(int) = 0.0518] 
13843 / 3029 
[R(int) = 0.0544] 
17698 / 4957  
[R(int) = 0.0720] 
Goodness-of-fit on 
F2 
0.977 1.069 1.105 
 
1.3.3. Cyclic Voltammetry (CV) 
 
The first oxidation potential of each compound at a concentration of 3 x 10-4 M was 
measured by cyclic voltammetry (CV) in electrolyte consisting of 0.1 M tetra-n-butyl 
ammonium hexafluorophosphate (nBu4NPF6) in dichloromethane (DCM) and also in 1.2 
M lithium hexafluorophosphate (LiPF6) in ethylene carbonate/ethyl methyl carbonate 
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(EC/EMC) (3:7 wt. ratio), a commonly used battery electrolyte. Cyclic voltammograms 
are shown in Figures 1-9 and 1-10. CV was recorded in two different electrolyte systems 
for consistency purposes. It was concluded from a recent study that the oxidation potentials 
determined by CV do not correlate to the overcharge performance of the additives in the 
batteries but gives only an approximate oxidation potential at which a compound may 
protect a battery against overcharge.27 The cyclic voltammograms showed that all the 
compounds exhibited reversible first oxidation in both 0.1 M nBu4NPF6 in DCM and 1.2 
M LiPF6 in EC/EMC. The oxidation potentials were calculated by averaging the potentials 
of the oxidation and reduction curves. The oxidation potentials in 0.1 M nBu4NPF6 in DCM 
and 1.2 M LiPF6 in EC/EMC were referenced to ferrocenium/ferrocene and Li+/0, 
respectively. Ferrocene was added as an internal reference for CV experiments in both the 
solvents, and the first oxidation and reduction peaks in the Figures 1-9 and 1-10 correspond 
to the ferrocenium/ferrocene redox couple.  
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Figure 1-9. Cyclic voltammograms of PT, MPT, EPT, nPrPT, iPrPT, tBuPT and PhPT in 
0.1 M nBu4NPF6 in DCM with Ferrocene as an internal reference, recorded at scan rates 
of 100 mV/s. Potentials are referenced to Cp2Fe+/0 at 0 V.  
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Figure 1-10. Cyclic voltammograms of PT, MPT, EPT, nPrPT, iPrPT, tBuPT and PhPT 
in 1.2 M LiPF6 in EC/EMC with ferrocene as an internal standard, recorded at scan rates 
of 100 mV/s. Potentials are referenced to Li+/0 at 0 V.   
The experimentally determined oxidation potentials are summarized in Table 1-7. 
The first oxidation potentials of the selected candidates in 0.1 M nBu4NPF6 in DCM ranged 
between 0.26-0.53 V. While MPT, EPT, nPrPT, iPrPT and PhPT showed oxidation 
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potentials that ranged from 0.26-0.33 V, tBuPT showed a surprisingly high oxidation 
potential value of 0.53 V as summarized in Table 1-7 and Figure 1-9. However, when the 
oxidation potentials of all the selected redox shuttle candidates were measured in 1.2 M 
LiPF6 in EC/EMC, tBuPT and PT showed similar first oxidation potential values and CV 
curves. MPT, EPT, nPrPT, iPrPT and PhPT typically also show a second reversible 
oxidation in 1.2 M LiPF6 in EC/EMC, while PT and tBuPT does not, as shown in Figure 
1-10. The second oxidation of PT and tBuPT were calculated by drawing an approximate 
reduction curve and averaging it with the experimental oxidation curve and PT and tBuPT 
had a similar irreversible second oxidation (Table 1-7). The similarity between the first and 
the second oxidations of PT and tBuPT gave a primary indication that tBuPT may not be 
stable in 1.2 M LiPF6 in EC/EMC and may be decomposing to PT by losing the tert-butyl 
group. The second oxidation potentials do not play considerable role in overcharge 
protection as a redox shuttle protects a battery from overcharge at its first oxidation 
potential, however, to investigate the surprising behavior of tBuPT, even the second 
oxidation potential values were measured.  
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Table 1-7. Summary of oxidation potentials of all the selected phenothiazine derivatives 
in 0.1 M nBu4NPF6 in DCM and 1.2 M LiPF6 in EC/EMC.  
 
Compound 
0.1 M nBu4NPF6 in 
DCM 
1.2 M LiPF6 in EC/EMC (3:7) 
𝑬𝟏/𝟐
+/𝟎
 vs. Cp2Fe+/0 (V) 𝑬𝟏/𝟐
+/𝟎
 vs. Li+/0 (V) 𝑬𝟏/𝟐
𝟐+/+
vs. Li+/0 (V) 
PT 0.17 3.45 3.95 
MPT 0.31 3.55 4.19 
EPT 0.26 3.51 4.30 
nPrPT 0.26 3.52 4.17 
iPrPT 0.33 3.59 4.2 
tBuPT 0.53 3.45 3.95 
PhPT 0.26 3.52 4.22 
 
1.3.4. Overcharge Performance Studies 
To determine the overcharge performance, synthetic graphite/LiFePO4 coin cells 
containing the selected compounds as electrolyte additives at a concentration of 0.08 M in 
1.2 M LiPF6 in EC/EMC (3:7) were assembled and cycled. Although the overcharge 
performance of MPT, EPT, and iPrPT has been reported by Dahn and coworkers,30 these 
compounds were retested to provide a point of comparison between this work and that done 
by others. Coin cells were tested in duplicates and prepared at the same time in attempt to 
obtain the most consistent fabrication conditions possible. Representative cycling plots for 
the duplicate coin cells are shown in Figures 1-11 through 1-17, and the number of 
overcharge cycles for each type of redox shuttle is summarized in Table 1-8.  
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Table 1-8. Summary of overcharge protection cycles of all the selected redox shuttle 
candidates in synthetic graphite/LiFePO4 coin cells.  
Compound Number of Overcharge Protection Cycles 
PT 2, 3 
MPT 3, 5 
EPT 127, 139 
nPrPT 49, 50 
iPrPT 117, 118 
tBuPT 2, 2 
PhPT 120, 161 
 
Coin cells with EPT and iPrPT exhibited a large number of overcharge protection 
cycles while those with PT, MPT and tBuPT exhibited very few overcharge protection 
cycles as summarized in Table 1-8, and shown in Figures 1-11, 1-12, and 1-16, 
respectively. While the coin cell batteries with EPT showed 127 and 139 overcharge 
protection cycles (Table 1-8 and Figure 1-13), iPrPT batteries exhibited 117 and 118 
overcharge protection cycles (Table 1-8 and Figure 1-15). Of the newly tested additives, 
coin cells with PhPT also exhibited a relatively large number of overcharge protection 
cycles with 120 and 161 cycles respectively (Table 1-8 and Figure 1-17), whereas the coin 
cells with nPrPT showed fewer overcharge protection cycles with 49 and 50 cycles 
respectively (Table 1-8 and Figure 1-14). The behavior of tBuPT was surprising as I had 
hypothesized it would show a larger number of overcharge protection cycles compared to 
less substituted derivatives, due to fewer hydrogens alpha to the phenothiazine N atom and 
the good stability of tert-butyl group in general. The coin cells with tBuPT exhibited only 
  
25 
 
2 cycles each respectively (Table 1-8 and Figure 1-16). Based on CV results and 
overcharge performance, I conclude that tBuPT is not a stable redox shuttle in the battery 
electrolyte and is decomposing to form a new compound (most likely PT) immediately 
upon dissolution in battery electrolyte.  
 
Figure 1-11. Voltage vs. time plots of two synthetic graphite/LiFePO4 coin cell batteries 
containing 0.08 M PT and 1.2 M LiPF6 in EC/EMC.    
 
Figure 1-12.  Voltage vs. time plots of two synthetic graphite/LiFePO4 coin cell batteries 
containing 0.08 M MPT and 1.2 M LiPF6 in EC/EMC.    
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Figure 1-13. Voltage vs. time plots of two synthetic graphite/LiFePO4 coin cell batteries 
containing 0.08 M EPT and 1.2 M LiPF6 in EC/EMC. 
 
Figure 1-14. Overcharge cycling of synthetic graphite/LiFePO4 coin cell batteries 
containing 0.08 M nPrPT and 1.2 M LiPF6 in EC/EMC. 
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Figure 1-15. Voltage vs. time plots of two synthetic graphite/LiFePO4 coin cell batteries 
containing 0.08 M iPrPT and 1.2 M LiPF6 in EC/EMC.  
 
Figure 1-16. Voltage vs. time plots of two synthetic graphite/LiFePO4 coin cell batteries 
containing 0.08 M tBuPT and 1.2 M LiPF6 in EC/EMC. 
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Figure 1-17. Voltage vs. time plots of two synthetic graphite/LiFePO4 coin cell batteries 
containing 0.08 M PhPT and 1.2 M LiPF6 in EC/EMC.  
 
1.3.5. Testing Radical Cation Stability by Ultraviolet-visible (UV-vis) Spectroscopy 
As previously discussed, an important factor for an electrolyte additive to perform 
as a redox shuttle is its radical cation stability. The more stable the radical cation, the more 
the number of overcharge cycles. Thus it was further decided to investigate the stability of 
the radical cations of all the compounds by monitoring the lifetimes of the radical cation 
by UV-vis spectroscopy.  
Based on the first reversible oxidation potential values of the derivatives, a 
chemical oxidant, tris(4-bromophenyl)aminium hexachloroantimonate (TBPA+., also 
known as Magic Blue) was used to generate the radical cations. The oxidation potential of 
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the neutral form of TBPA+., tris(4-bromophenyl)amine, was reported to be 3.9 V vs Li,36 
an appropriate potential to oxidize selected derivatives. TBPA+. accepts an electron from 
its neutral redox shuttle counterpart, thus, generating the radical cation of that redox shuttle 
as shown in Scheme 1-2. The radical cations of the selected compounds were generated in 
anhydrous DCM, EC/EMC (3:7) and 1.2 M LiPF6 in EC/EMC (3:7), such that the ratio of 
oxidant to redox shuttle was 1:10. DCM was used as solvent for UV-vis studies because it 
is convenient to work with, it dissolves the oxidant and neutral compounds, and based on 
previous study, it appears to be an appropriate solvent for estimating radical cation 
stability.26 EC/EMC and 1.2 M LiPF6 in EC/EMC were used as solvents for consistency 
purposes. The initial spectra were monitored within 30 sec of radical cation generation to 
yield a spectrum with an absorption maxima. The peak intensity was monitored with 
respect to the tallest absorption peak in the visible region for a period of 5 h. Through a 
series of optimization experiments it was observed that the radical cation stability of 
phenothiazine derivatives could be predicted in 5 h, therefore the absorption spectra was 
monitored for only 5 h. The absorption spectra of TBPA+. in DCM, EC/EMC and 1.2 M 
LiPF6 in EC/EMC along with their absorption wavelength are shown in Figure 1-18. 
 
Scheme 1-2. General representation of a one electron oxidation of N-substituted 
phenothiazine derivatives using the oxidant, TBPA+.. 
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Figure 1-18. Absorption spectra of TBPA+. in DCM (a), EC/EMC (b), and 1.2 M LiPF6 in 
EC/EMC (c).  
The UV-Vis absorption spectra of the radical cations of selected redox shuttle 
candidates in DCM are shown in Figure 1-19. The most intense absorption for radical 
cations of phenothiazine derivatives in DCM generally occurs between 420 and 550 nm. 
The radical cations of EPT, nPrPT, iPrPT and PhPT did not show significant change in 
intensity as shown in Figures 1-19b, 1-19c, 1-19d and 1-19f, respectively, indicating that 
they are stable radical cations, which is consistent with their higher number of overcharge 
cycles reported in coin cell experiments. All the stable radical cations showed over 50 
overcharge protection cycles. nPrPT was the first redox shuttle to fail in the series of the 
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stable radical cations, while the batteries with other stable redox shuttles exhibited over 
100 overcharge protection cycles. The intensity of the peaks in the absorption spectra of 
radical cation of MPT decreased over time as shown in Figure 1-19a, indicating that its 
radical cation was unstable at this concentration, which is consistent with its relatively low 
number of overcharge cycles. tBuPT exhibited complex behavior in UV-vis experiments 
(Figure 1-19e). Upon oxidation, a purple solution of radical cation resulted with an 
absorption maximum at 588 nm. After 1 h, the solution was brown, and the absorption 
profile had changed significantly. This change in absorption spectrum suggests that tBuPT 
was not stable upon oxidation and decomposed to form a new compound. As observed in 
cyclic voltammetry experiments, tBuPT appeared to have similar electrochemical behavior 
as compared to phenothiazine. Oxidation of phenothiazine with TBPA+. produced an initial 
absorption spectrum similar to what was observed for tBuPT after 1 h (Figure 1-19g). The 
absorption in far red regions of some of the radical cations may be attributed to the 
formation of dimers as only one out of the ten equivalents of neutral redox shuttle reacted 
with TBPA+. 
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Figure 1-19. UV-vis absorption spectra of the radical cations of MPT (a), EPT (b), nPrPT 
(c), iPrPT (d), tBuPT (e), PhPT (f) and PT (g) in DCM at various times from 0-5 h. 
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The UV-vis absorption spectra of the radical cations of selected redox shuttle 
candidates in EC/EMC are shown in Figure 1-20. The radical cations of EPT, nPrPT, iPrPT 
and PhPT did not show significant change in intensity. However, the intensity of the peaks 
in the absorption spectra of radical cation of MPT did not decrease over time in EC/EMC, 
indicating that its radical cation was stable at this concentration in EC/EMC, which was 
contrasting to its stability in DCM. tBuPT exhibited the same complex behavior as in DCM 
(Figure 1-20e). Upon oxidation, a purple solution of radical cation resulted with an 
absorption maxima at 421 nm. After 5 min, the solution was brown, and new absorption 
peaks appeared at 517 and 648 nm, the intensity of which increased with time. These newly 
emerging absorption peaks were similar to absorption profile of radical cation of 
phenothiazine. This again corroborates to the cyclic voltammetry experiments, where 
tBuPT appeared to have similar electrochemical behavior as compared to phenothiazine. I 
have not been able to find a reason for the difference in stability of MPT in DCM versus 
EC/EMC. 
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Figure 1-20. UV-vis absorption spectra of the radical cations of MPT (a), EPT (b), nPrPT 
(c), iPrPT (d), tBuPT (e), PhPT (f) and PT (g) in EC/EMC at various times from 0-5 h. 
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The UV-vis absorption spectra of the radical cations of the selected redox shuttle 
candidates in 1.2 M LiPF6 in EC/EMC are shown in Figure 1-21. All the radical cations 
exhibited increase in intensity of absorption with time. The UV-vis results in 1.2 M LiPF6 
in EC/EMC were particularly not reliable in predicting redox shuttle performance. The 
absorption intensities increased with time, probably due to the oxidation of the remaining 
neutral compound, making it difficult to discern the difference between oxidation of 
remaining neutral compound and decomposition of existing radical cation. Comparing the 
UV-vis results of all the radical cations in 1.2 M LiPF6 in EC/EMC with those in EC/EMC, 
it can be clearly seen that though the intensities of the absorption maxima stayed constant 
over a period of 5 h in EC/EMC but that the intensities did not increase as it did in 1.2 M 
LiPF6 in EC/EMC. This leads to an explanation that the presence of lithium salts leads to 
the oxidation of neutral redox shuttles.  
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Figure 1-21. UV-vis absorption spectra of the radical cations of MPT (a), EPT (b), nPrPT 
(c), iPrPT (d), tBuPT (e), PhPT (f) and PT (g) in 1.2 M LiPF6 in EC/EMC at various times 
from 0-5 h. 
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For the battery cycling experiments, the concentration of redox shuttle in the battery 
electrolyte was 0.08 M; for the UV-vis experiments, the same concentration was reduced 
to 0.0025 M to match the low solubility of Magic Blue in the battery electrolyte. The effects 
of the lithium salts on the small concentration of the radical cations of redox shuttles and 
also the remaining neutral molecules may have been overwhelming. tBuPT and PT 
exhibited similar absorption profiles in 1.2 M LiPF6 in EC/EMC as shown in Figures 1-
21e and 1-21g, both showing absorption maxima at 517 nm, which indicated that tBuPT 
may not be stable in battery electrolyte and may be decomposing to PT. To further 
investigate the difference in behavior of the radical cations of the selected redox shuttles 
in the three electrolyte systems studied, I decided to study the stability of the neutral redox 
shuttles itself to see if the neutral molecules were actually stable. 
For the UV-vis experiments of the neutral redox shuttles, the selected candidates 
were dissolved in anhydrous DCM, 0.1 M nBu4NPF6 in DCM, EC/EMC (3:7) and 1.2 M 
LiPF6 in EC/EMC (3:7) at 3 x 10-4 M, the same concentration used for CV experiments. 
The initial spectra were monitored within 30 sec of the complete dissolution of the redox 
shuttle candidates in the selected solvent systems. The intensity of the highest absorbing 
peak was monitored with respect to the tallest absorption peak in the visible region for 1 h 
(Figures 1-22 through 1-25).  
From the UV-vis absorption spectra of the neutral redox shuttle molecules in DCM 
and 0.1 M nBu4NPF6 in DCM (Figures 1-22 and 1-23), it can be seen that there is little 
difference in the wavelengths of absorption. This indicates that the PF6 anion does not have 
a significant effect on the absorption profiles of the neutral redox shuttles or their radical 
cations. However, from the UV-vis absorption spectra of the neutrals in EC/EMC and 1.2 
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M LiPF6 in EC/EMC (Figures 1-24 and 1-25), it can be seen that the absorption profiles of 
all compounds except tBuPT are similar. iPrPT showed a shoulder like absorption peak in 
1.2 M LiPF6 in EC/EMC compared to the normal absorption peak in EC/EMC, but the 
absorption wavelengths were same in both the solvents. In case of tBuPT, the absorption 
maxima shifted slightly from 320 to 317 nm in 1.2 M LiPF6 in EC/EMC as shown in Figure 
1-25e, which is the absorption wavelength of PT (Figure 1-25g). tBuPT showed an 
absorption maxima at 290 nm in the form of a shoulder like peak in DCM and 0.1 M 
nBu4NPF6 in DCM (Figure 1-22e and 1-23e), and its absorption maxima did not match that 
of PT (Figure 1-22g and 1-23g). This is consistent with the neutral form of tBuPT not being 
stable in 1.2 M LiPF6 in EC/EMC and was decomposing to PT.  
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Figure 1-22. UV-vis absorption spectra of the radical cations of MPT (a), EPT (b), nPrPT 
(c), iPrPT (d), tBuPT (e), PhPT (f) and PT (g) in DCM at various times from 0-1 h. 
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Figure 1-23. UV-vis absorption spectra of the radical cations of MPT (a), EPT (b), nPrPT 
(c), iPrPT (d), tBuPT (e), PhPT (f) and PT (g) in 0.1 M nBu4NPF6 in DCM at various times 
from 0-1 h. 
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Figure 1-24. UV-vis absorption spectra of the radical cations of MPT (a), EPT (b), nPrPT 
(c), iPrPT (d), tBuPT (e), PhPT (f) and PT (g) in EC/EMC at various times from 0-1 h. 
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Figure 1-25. UV-Vis absorption spectra of the radical cations of MPT (a), EPT (b), nPrPT 
(c), iPrPT (d), tBuPT (e), PhPT (f) and PT (g) in 1.2 M LiPF6 in EC/EMC at various times 
from 0-1 h. 
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1.3.6. Electron Paramagnetic Resonance (EPR) Studies 
The oxidation of tBuPT and its reactivity was further studied by electron 
paramagnetic spectroscopy (EPR). For EPR measurements, the radical cations of PT and 
tBuPT were generated in anhydrous DCM in the same manner as were done for the UV-
vis measurements of the radical cations. The EPR measurements were carried out in DCM 
because it is difficult to tune the cavity of an EPR instrument with polar solvents like 
carbonates. The EPR spectra of tBuPT and PT were recorded immediately after the 
generation of radical cation and again after 10 min as shown in Figure 1-26. Initially, 
tBuPT+. showed a characteristic triplet with intensity of signals being almost 1:1:1, 
different from the shape of spectra of PT+. as seen in Figures 1-26a and 1-26c. However, 
after 10 min, the shapes of the peaks of both tBuPT+. and PT+. were more similar, as can be 
seen in Figures 1-26b and 1-26d which suggests that tBuPT+. – upon oxidation – rapidly 
decomposes into PT+.. Also, the intensity of signals in the EPR spectra of PT+. and tBuPT+. 
decreased with time, as seen in Figures 1-26b and 1-26d. This is also an indication that the 
radical cations were rapidly decaying with time. The EPR results corroborate with the 
results obtained from CV, battery cycling and UV-vis studies, where it was predicted that 
tBuPT might be losing the tert-butyl group to form PT.  
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Figure 1-26. EPR spectra of tBuPT+. immediately after the addition of TBPA+. (a) and after 
10 min (b), and EPR spectra of PT+. immediately after the addition of TBPA+.  (c) and after 
10 min (d). 
1.3.7. Bulk Electrolysis Experiments 
From the UV-vis and EPR experiments it was concluded that tBuPT was 
decomposing into PT immediately upon oxidation. However, the fate of the PT formed 
after the decomposition was not fully investigated. The PT might be further forming new 
products, which might lead to failure in overcharge protection. To investigate the formation 
of further decomposition and new products, bulk electrolysis of tBuPT in 50 mM 
nBu4NPF6 in anhydrous DCM was completed to isolate whatever decomposition products 
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might have formed, and it was found that tBuPT+. was indeed decomposing to PT+. as well 
as forming phenothiazine oligomers as shown in proposed Scheme 1-3. The products were 
characterized by electrospray ionization-mass spectrometry (ESI-MS). The formation of 
dimer with the tert-butyl group attached to the aromatic ring and the trimer (Scheme 1-3), 
consistent with the decomposition of tBuPT+. to form PT+., which further formed PT and 
the oligomers. During the battery cycling experiments, tBuPT might have immediately 
decomposed into PT+. that might have exhibited a similar decomposition pathway which 
may have led to the failure of the redox shuttle after two cycles itself.  
 
 
Scheme 1-3. Proposed mechanism for the decomposition of tBuPT. 
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1.4. Conclusions and Outlook 
In conclusion for this project, six N-substituted phenothiazine derivatives were 
tested as redox shuttle candidates to understand the effects of different substituents and 
number of H atoms at α-position to the N atom on radical cation stability and overcharge 
performance. The number of H atoms at α-position to the N-atom in the six N-substituted 
phenothiazine derivatives decreases going from MPT through PhPT. I had hypothesized 
that tBuPT and PhPT with no H atoms α-position to the N-atom would be more stable as 
redox shuttles and exhibit a large number of overcharge protection cycles. Through DFT 
calculations and CV measurements, the oxidation potentials of the N-substituted 
phenothiazine derivatives were calculated to screen the redox shuttles. All the six redox 
shuttle candidates had an oxidation potential close to the end of charge potential of the 
LiFePO4 cathode.  
The overcharge protection studies showed that only EPT, nPrPT, iPrPT and PhPT 
showed a high number of overcharge protection cycles. The coin cell batteries with MPT 
as redox shuttle failed within the first five overcharge protection cycles. However, tBuPT, 
which was expected to exhibit a large number of overcharge protection cycles due to the 
stability of the tert-butyl group, exhibited poor overcharge performance failing after two 
overcharge protection cycles.  
To understand the role of radical cation stability in overcharge protection, the 
radical cation stability of all the selected redox shuttle candidates were studied by UV-vis 
spectroscopy in DCM, EC/EMC (3:7) and 1.2 M LiPF6 in EC/EMC (3:7). Of the three 
solvents, the most accurate prediction of the radical cation stability was indicated in DCM.  
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Through the UV-vis studies of the radical cations and also from the neutral forms 
of the selected redox shuttles it was suspected that tBuPT might not be stable 1.2 M LiPF6 
in EC/EMC and is decomposing into PT. EPR measurements and bulk electrolysis 
experiments revealed that tBuPT was indeed decomposing to PT after losing the tert-butyl 
group. Bulk electrolysis experiments proved quite conclusive in revealing that tBuPT was 
decomposing into PT and also into oligomeric forms of PT. A similar mechanism of 
decomposition might have occurred in the coin cell batteries leading to the failure of tBuPT 
as a redox shuttle. Bulk electrolysis experiments on MPT did not reveal any information 
indicating decomposition.   
To summarize, out of all the reported and new redox shuttle candidates tested, EPT, 
iPrPT, and PhPT are stable redox shuttles. Although the compounds show overcharge 
protection at potentials that are too low for commercialization, the stability of these 
derivatives may be helpful in the design of higher oxidation potential derivatives. From all 
the results, it can be further concluded that the H atoms α-position to the N atom play no 
role in the radical cation stability or overcharge protection.  
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Chapter Two: Graphitic Materials as Conductive Fillers for Anodes in Lithium-ion 
Batteries 
2.1. Introduction 
Carbon-based anodes are most commonly used in lithium-ion batteries (LIBs) due 
to their low volume expansion, low cost, and long cycling life.38 Graphite, the most 
commonly used carbon-based anode material possesses a conductive conjugative covalent 
structure, with a theoretical specific capacity of 372 mAh/g.39 Graphite is utilized as the 
negative electrode material for commercial LIBs due to its extremely low redox potential 
close to Li+/0, good cycling stability, low cost, and environmental friendliness.40 The 
performance of graphite as a safe and reliable active material explains why it is used as 
anode for batteries that power many portable power applications such as laptops and 
computers. However, as the demand to increase efficiency in consumer electronics and 
large scale applications increases, the need to improve the performance of graphite also 
increases.39 One area of research has focused on the development of new anode active 
materials and conductive filler materials to increase the performance of anode. Currently, 
among many different anode active materials such as modified graphites,41-43 carbon 
nanotubes,44-48 alloys,49-51 and silicon,52,53 mesophase microbeads (MCMB), which are 
prepared from petroleum pitch or coal tar,54 has emerged as a successful material. MCMB 
has a spherical structure (Figure 2-1) which can be useful in close packing leading to higher 
density of the electrode active material compared to normal graphite electrodes. Reversible 
capacities of 450 mAh/g have been reported for MCMB heated to 700 °C, compared to a 
practical capacity of 350 mAh/g for graphite.55  
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Figure 2-1. Scanning electron microscopy (SEM) image of MCMB.  
Without heat treatment, poor electronic conductivities of MCMB anodes has a 
significant impact on lithium ion insertion/extraction reactions leading to irreversible loss 
of capacities.56 To overcome the this problem, conductive filler materials are used in 
conjunction with the MCMB to construct a conductive percolation network.57 This network 
increases the conductivity of low conductive active materials, increases battery power, and 
lengthens battery cycle life by preserving the mechanical properties of the active material 
with a high electrical conductivity. For example, acetylene black (AB), the most commonly 
used conductive filler material, shows effective retention in capacities when employed as 
a conductive filler material for MCMB anodes as shown in Figure 2-2.58 About 4 wt.% of 
carbon black was used as a conductive additive and the electrodes were cycled at 0.1 C rate 
between 0.01 and 1.5 V vs. Li+/0. In the absence of AB, there was a rapid drop in capacities. 
This explains the importance of having a filler material mixed with the anode. Some of the 
carbon based filler materials that have been tested includes single and multiwalled carbon 
nanotubes,57,59 graphene,60 and metallic fibers.58 However, all these materials have not been 
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used on commercial scale and only graphite and AB are the commercially used filler 
materials for MCMB based anodes. 
 
Figure 2-2. Discharge capacities of half cells containing MCMB graphite/Li coin cell 
batteries with and without acetylene black (AB) at 4 wt.% (Reproduced from Ref. 58 with 
permission from Elsevier).  
The conductive filler materials reside in the opening of the active MCMB layer to 
form the percolation network. These filler materials are interconnected by particle-to-
particle point contacts usually from the outermost particle layer to the surface of the current 
collector as shown in Figure 2-3. To achieve formation of a high precision percolation 
layer, the particle size of the conductive material used should be fine enough to fit in the 
opening of the active particle layer which demands right amount of the filler material to be 
incorporated.58 Normally, the content of the filler material used is 2-15 volume % of the 
total active material volume.57,59-61 
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Figure 2-3. Anode model representing packing of active particles and finer conductive 
filler materials.  
Conductive additives, however, are not inert to reactions, and adverse side effects 
may result because of their incorporation in battery electrodes. Since additives are 
commonly carbon black powders with relatively large surface areas, they are prone to react 
with the electrolyte and organic solvents. Furthermore, complete percolation of particles 
require significant amount of materials, causing volume expansion of the anodes. These 
factors leads to an increased irreversible loss of anode capacity, gradual oxidation and 
consumption of electrolyte on the cathode, which in turn causes capacity decline during 
cycling, and threatens battery safety by gas evolution and exothermic solvent oxidation.60 
Therefore, it becomes necessary to incorporate the right type of conductive filler material 
with proper electrode fabrication methods for improved performance of the anode. 
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2.2. Goals 
The main goal of this project was to compare the effect of different graphitic 
conductive filler materials on the cycling performance of MCMB anodes. The tested filler 
materials were graphite nanofibers (NFs), graphite oxide (GO), carbon nanotubes (CNTs) 
and thiourea dioxide reduced graphite oxide (TUDO). These materials were initially to be 
tested as active anode materials, but due to their low dispersibility while preparing anodic 
slurries, they were instead tested as conductive filler materials for MCMB anodes. A non-
disclosed company, the chief funding agency for this project wanted me to identify a good 
conductive filler material that could be employed for the fabrication of their commercial 
anodes. The discharge capacities of the MCMB anodes with the selected filler materials 
were compared to that of the benchmarked/conventional acetylene black (AB) filler. 
2.3. Results and Discussion 
NFs and GO were donated by a non-disclosed company, and CNTs were obtained 
from the Weisenberger group at the Center for Applied Energy Research (CAER), 
University of Kentucky. TUDO was synthesized from GO and is described in chapter three. 
The TUDO material appeared morphologically different than GO as determined by 
scanning electron microscopy (SEM) images (Figure 2-4). It can be clearly seen that the 
large particle sized GO has formed fibrous particles, which appears different in shape and 
particle size. Through qualitative and quantitative methods the battery cycling performance 
of the selected materials as potential filler materials for MCMB anodes were evaluated to 
identify the materials that could be employed commercially for MCMB anodes. The battery 
cycling performance of the MCMB anodes with the filler materials was compared to the 
anodes with the benchmarked AB filler to identify a substitute to the commercially used 
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AB. The battery cycling results were compiled by cycling both the full and half coin cells 
in a battery cycler and plotting the discharge capacity of the anode. The charge capacities 
were not plotted as it was similar to discharge capacities and does not play any role in 
determining the capacities of the anodes.  
 
Figure 2-4. SEM images of GO (a) and TUDO (b).  
The MCMB anodes with the filler materials were fabricated by two different 
methods for battery cycling purposes. In one instance, the anodic slurry consisting of the 
MCMB active material, filler material and binder all homogenized in N-methyl pyrrolidone 
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(NMP) were subjected to sonication in tetrahydrofuran (THF) before being fabricated into 
anodes. It is believed that sonication in organic solvents leads to the exfoliation of the 
anode material and formation of more homogenous slurry, which improves the discharge 
capacities.62 In another instance, the anodic slurry was fabricated into anodes without 
sonication. The different fabrication methods adopted allows for the comparison of the 
performance of the anodes under two different manufacturing conditions. The detailed 
anode fabrication procedure is described in chapter three.  
For the initial screening purposes, three sets of batteries with each filler material 
were made from the sonicated and non-sonicated anodes and cycled in half cell batteries 
versus lithium metal for 10 cycles. Once screened, three sets of sonicated and the non-
sonicated anodes were employed in full cells and cycled versus lithium metal oxide cathode 
for 100 cycles to analyze their battery cycling performance, as testing in full cell batteries 
would enable us to test the anodes in real commercial conditions.  
2.3.1. Half Cell Testing 
The anodes with the selected conductive fillers were first screened in half cell 
batteries to monitor their discharge capacities and eliminate the poorly performing filler 
materials. The anodes were fabricated by mixing the filler materials with MCMB active 
material and polyvinylidene fluoride (PVDF) binder in NMP solution such that the total 
ratio of MCMB to filler to PVDF was 8:1:1. The electrolyte chosen for this study was 1.2 
M LiPF6 in EC/EMC (3:7). The cycling tests were run at a constant current rate of C/10 
from 0.005–2.500 V, similar to a reported procedure where MCMB anode was cycled 
against lithium metal.63 As described in section 2.3, three sets of coin cell batteries were 
assembled with each filler material from the sonicated and non-sonicated anodes and 
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cycled versus lithium metal for 10 cycles to monitor their discharge capacities. The average 
discharge capacity of the three sets of half cell batteries, meaning that one electrode is 
lithium metal, with each filler material were calculated and plotted versus the cycle 
number.  
The cycling performance of anodes in LIBs is usually monitored by monitoring the 
retention in discharge capacities of the anode. Higher the discharge capacities more 
efficient an anode is. The plot of average discharge capacities versus the cycle number for 
all the non-sonicated anodes tested is represented in Figure 2-5a. The initial loss of capacity 
is attributed to the solid electrolyte interphase (SEI) layer formation.64,65 The half cells with 
GO based anodes (Figure 2-5e) showed higher discharge capacities, and the TUDO based 
anodes (Figure 2-5f) showed decrease in discharge capacity with time respectively 
compared to the commercial AB based anodes (Figure 2-5b). The NFs and CNTs based 
anodes showed identical discharge capacities compared to AB based anodes as seen in 
Figure 2-5a. However, the battery cycling results for GO based anodes cannot be 
considered accurate as the results are based on only one type of half cell, as the other two 
similar batteries failed as soon as the battery cycling started (Figure 2-5e). Additionally a 
large standard deviation values for the average discharge capacity was observed for the AB 
based half cells as shown in Figure 2-5b, compared to minimal standard deviation values 
for the NFs, CNTs and TUDO based half cells as shown in Figures 2-5c, 2-5d and 2-5f.  
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Figure 2-5. Plot for the comparison of average discharge capacities vs. cycle number for 
all non-sonicated half cells (a), and plots with error bars for AB based half cells (b), NFs 
based half cells (c), CNTs based half cells (d) GO based half cells (e)* and TUDO based 
half cell (f). *Only one type of half cell.    
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Similarly, the plot of average discharge capacities versus the cycle number for all 
the sonicated anodes tested is represented in Figure 2-6a. It was seen that the TUDO based 
anodes (Figure 2-6a and 2-6f) showed higher discharge capacities compared to AB and all 
the other filler based anodes. The discharge capacities of NFs, CNTs and GO based anodes 
were similar to that of AB based anodes (Figure 2-6a). The discharge capacities of all 
sonicated anodes with error bars is shown in Figures 2-6b through 2-6f. TUDO based 
anodes surprisingly showed a higher retention in capacities compared to the other anodes 
with a minimal error bar as shown in Figure 2-6f. The anodic cycling performance of 
sonicated TUDO based half cells is contrasting compared to the non-sonicated TUDO 
based half cells (Figure 2-5f), where a steady decline in capacity was observed. This 
behavior may explain the effect of sonication on the TUDO based anodic slurry leading to 
higher capacities. The cycling performance AB, NFs, CNTs and GO based anodes were 
similar to each other as shown in Figure 2-5b, 2-5c, 2-5d and 2-5e respectively. From the 
half cell screening tests it was clear that all the selected filler materials showed a similar or 
higher capacities compared to the commercially used AB filler. Therefore it was decided 
to cycle all the anodes in full cell batteries to study the performance of these anodes in real 
life conditions. Sonication or no sonication, the performance of the tested anodes were 
similar to the AB based anodes. The half cell cycling results were particularly promising 
as all the selected graphitic materials could be further tested as conductive fillers for 
MCMB anodes in full cell batteries. 
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Figure 2-6. Plot for the comparison of average discharge capacities vs. cycle number for 
all sonicated half cells (a), and plots with error bars for AB based half cells (b), NFs based 
half cells (c), CNTs based half cells (d), GO based half cells (e), and TUDO based half 
cells (f).  
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2.3.2. Full Cell Testing 
The anodes for full cell cycling studies were fabricated in exactly similar conditions 
as half cell anodes. Three sets of coin cell batteries were assembled with each filler material 
from the sonicated and non-sonicated anodes and cycled versus LiNi0.8Co0.15Al0.05O2 
cathode for 100 cycles to monitor the discharge capacities. The cycling tests were run at 
C/10 current rate from 3.0-4.0 V for 90 cycles. The average discharge capacity of the three 
sets of full cell batteries with each filler material were calculated and plotted versus the 
cycle number. In case of TUDO based anodes, only one type of sonicated and non-
sonicated full cell was cycled due to unavailability of channels on the battery cycler and 
much emphasis was placed on improving the performance of the NFs, CNTs and GO 
fillers.  
A comparison plot of average discharge capacities versus the cycle number for all 
the non-sonicated anodes in the full cells tested is represented in Figure 2-7a. NFs and 
CNTs based anodes showed higher discharge capacities compared to the AB based anodes. 
The AB based anodes showed a large error bar as shown in Figure 2-7b. The discharge 
capacities of non-sonicated NFs and CNTs based anodes is consistent with their half-cell 
cycling results (Figure 2-5a), where they gave almost same discharge capacities as AB 
based anodes. Surprisingly, GO based anodes showed lower discharge capacities (Figure 
2-7e) compared to their superior cycling performance during half-cell cycling (Figure 2-
5e). The decrease in discharge capacities of these anodes may be attributed to the low 
stability of the anode material when exposed to longer cycling time. This indicates that GO 
based anodes may not be suitable to be employed for commercial purposes. TUDO based 
anodes showed higher discharge capacities compared to all the other fillers as seen in 
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Figure 2-7a. However, the results cannot be considered accurate and reliable based on just 
one type of TUDO based full cell as shown in Figure 2-7f. Overall, the non-sonicated NFs 
and CNTs based anodes higher retention in capacities compared to the AB-based anodes 
which was consistent with their half-cell cycling performance.  
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Figure 2-7. Plot for the comparison of average discharge capacities vs. cycle number for 
all non-sonicated full cells (a), and plots with error bars for AB based half cells (b), NFs 
based half cells (c), CNTs based half cells (d) GO based half cells (e) and TUDO based 
half cell (f)*. *Only one type of full cell.  
  
62 
 
Similarly, comparison of the plots of average discharge capacities versus the cycle 
number for all the sonicated anodes in the full cells tested is represented in Figure 2-8a.  
Similar to their non-sonicated counterparts, the GO based anodes showed decrease in 
discharge capacities indicating its poor cycling performance in full cell batteries as seen in 
Figure 2-8a and 2-8e. Sonication of the GO based anodic slurry did not improve its 
discharge capacities in any way. This again indicates that GO is not a suitable filler material 
for anodes in full cells. The AB based anodes showed a significant increase in discharge 
capacities after sonication of the anodic slurry, and the NFS and CNTs based anodes 
showed lower capacities compared to the AB based anodes as represented in Figure 2-8a. 
However, their retention in capacities were similar to their non-sonicated anodic 
counterparts (Figure 2-7a), which indicates that the sonication of their anodic slurries did 
not have any change in cycling behavior.  
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Figure 2-8. Plot for the comparison of average discharge capacities vs. cycle number for 
all sonicated full cells (a), and plots with error bars for AB based half cells (b), NFs based 
half cells (c), CNTs based half cells (d) GO based half cells (e) and TUDO based half cell 
(f)*. *Only one type of full cell.  
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Overall, from the half cell and full cell cycling results it is clear that NFs and CNTs 
appear to be promising filler materials for MCMB based anodes. The consistency in 
cycling performance of the sonicated and non-sonicated NFs and CNTs based anodes 
indicate these filler material enhance the stability of the MCMB anodes irrespective of the 
fabrication methods. The GO based anodes showed lower discharge capacities in both 
sonicated and non-sonicated forms during the full cell cycling indicating that the filler 
material did not contribute to enhance the stability and capacities of the MCMB active 
material. TUDO based anodes showed good reversible capacities in both sonicated and 
non-sonicated forms.    
2.4. Conclusions and Outlook 
In summary, four different carbon based or graphitic materials were tested as 
conductive fillers to improve the anodic discharge capacities of MCMB anode. The battery 
cycling performance of the MCMB anodes with the filler materials was compared to the 
benchmarked AB filler to identify the filler, which could substitute the AB filler when 
employed commercially. During anode fabrication, a portion of the anodic slurry was 
sonicated before being molded into anodes. The remaining portion of the anodic slurry was 
molded into anodes without sonication. Sonication usually helps in exfoliating the graphitic 
particles leading to improved cycling performance when employed as anodes for lithium 
ion batteries. The fabricated anodes were first cycled in half cell batteries for 10 cycles to 
identify the promising anodes with the filler materials. Three batteries per anode were 
cycled for consistency purposes. All the anodes tested showed similar discharge capacities 
compared to the benchmarked AB based anode, as a result of which they were all selected 
to be tested in full cell batteries. In full cell cycling, both the sonicated and non-sonicated 
  
65 
 
based NFs and CNTs based anodes gave discharge capacities that were similar to AB based 
anodes. This indicates that NFs and CNTs can be suitable substitute for the commercially 
used AB for commercial testing purposes. The GO based anode which appeared promising 
candidate during the initial half cell testing in both sonicated and non-sonicated forms 
performed poorly when employed in full cells with low discharge capacities. This indicates 
that the GO based anodes lose their structural stability when cycled for longer time duration 
which leads to decrease in capacities during full cell cycling.  
The cycling performance of TUDO based anodes cannot be considered reliable 
even though they showed higher discharge capacities because only one type of full cell was 
tested for both sonicated and non-sonicated forms due to economic reasons.  However, the 
cycling results of TUDO based half cells appeared promising and more cycling tests can 
reveal the actual performance of this material when employed as a conductive filler for 
MCMB anodes in full cell batteries. The consistency in cycling behavior of the NFs and 
CNTs based anodes indicates that the anodes were produced reliably, and – if they can be 
prepared at costs comparable to AB – may be suitable filler materials for MCMB anodes. 
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Chapter Three: Experimental Procedures  
3.1. Experimental Procedures for Chapter One 
3.1.1. General 
Phenothiazine (PT) and N-methylphenothiazine (MPT) were purchased from 
Sigma Aldrich and were used after recrystallization with pentane. N-ethyl phenothiazine 
(EPT) was synthesized previously by Dr. Selin Ergun and has been reported.29 N-
propylphenothiazine (nPrPT) was synthesized in the laboratory following the reported 
procedure for the synthesis of EPT.29 Bis(2-bromophenyl)sulfane was synthesized in the  
laboratory, following a similar procedure for the previously reported compound.66 N-
isopropylphenothiazine (iPrPT) and N-(tert-butyl)phenothiazine (tBuPT) were synthesized 
in the laboratory from bis(2-bromophenyl)sulfane by a modified Buchwald-Hartwig 
coupling reaction.67 N-phenyllphenothiazine (PhPT) was synthesized in the laboratory, 
following a similar procedure for the previously reported compound.68  
Sodium hydride was purchased from Alfa Aesar. Potassium carbonate, copper 
powder (99.5% trace metal basis) and tetrabutylammonium hexafluorophosphate 
(nBu4NPF6) were purchased from Sigma Aldrich. 1-iodopropane, iodobenzene, isopropyl 
amine, tert-butyl amine, sodium sulfide nonahydrate, 1-bromo-2-iodobenzene, 
bis(dibenzylideneacetone)palladium (Pd(dba)2), ±-2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl (±-BINAP), and copper (I) iodide were purchased from Acros Organics. tris(4-
bromophenyl)aminium hexachloroantimonate (TBPA+.), the chemical oxidant, was 
purchased from Sigma Aldrich. Silica gel (65 x 250 mesh) was purchased from Sorbent 
Technologies. Anhydrous solvents and solvents for product purification were purchased 
from Fisher Scientific. Ethylene carbonate, ethyl methyl carbonate, and lithium 
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hexafluorophosphate were purchased from BASF Corporation (NJ, USA).1 H and 13C 
NMR spectra were obtained on Varian spectrometers in DMSO-d6 or CDCl3 from 
Cambridge Isotope Laboratories. Mass spectra were obtained on an Agilent 5973 Network 
mass selective detector attached to Agilent 6890N Network GC system. The X-ray 
crystallography studies were performed by Dr. Sean Parkin at the X-Ray Crystallography 
Facility, Department of Chemistry, University of Kentucky. The X-ray diffraction data was 
collected at 90K on either a Nonius Kappa CCD diffractometer or on a Bruker-Nonius X8 
Proteum diffractometer. Elemental analyses were performed by Atlantic Microlabs Inc. 
Bulk electrolysis experiments on tBuPT were performed by Dr. Matthew Casselman in the 
laboratory.   
3.1.2. Synthesis 
N-propyl phenothiazine (nPrPT) 
Sodium hydride (0.480 g, 12.0 mmol, 60% dispersion in mineral oil) was added to 
a solution of phenothiazine (1.99 g, 10.0 mmol) in anhydrous N, N-dimethylformamide 
(100 mL) in a 250 mL round-bottomed flask under nitrogen atmosphere. The reaction flask 
was immersed in an oil bath, which was heated to 50 °C for 20 min. A reflux condenser 
was attached, and 1-iodopropane (2.03 g, 12.0 mmol) was added drop-wise to the reaction 
mixture through the condenser and was stirred overnight. Water (50 mL) was added, and 
the organic product was extracted with hexanes (2 x 30 mL). The combined organic layers 
were dried over MgSO4 and were concentrated by rotary evaporation. The crude product 
was purified by recrystallization from pentane-ether mixture, yielding the product (2.04 g, 
85%) as a crystalline white solid.1 H NMR (400 MHz, DMSO-d6)  (ppm): 7.17 (td, J =7.4, 
1.6 Hz, 2H), 7.12 (dd, J = 7.6, 1.4 Hz, 2H), 6.99 (d,  J =7.2 Hz, 2H), 6.91 (td, J = 7.4, 1.2 
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Hz, 2H), 3.81 (t, J = 7.0 Hz, 2H), 1.67 (sx, J = 7.2 Hz, 3H), 0.91 (t, J = 7.2 Hz, 3H). 13C 
NMR (100 MHz, DMSO-d6)  (ppm): 145.22, 127.99, 127.52, 124.02, 122.83, 116.27, 
48.56, 19.93, 11.47. GCMS: m/z 241 (70%), 212 (60%), 198 (100%), 180 (40%). Anal. 
calcd. for C15H15NS C, 74.65; H, 6.26; N, 5.80. Found C, 75.32; H, 6.69; N, 5.59 and C, 
75.18; H, 6.78; N, 5.53. 
Bis(4-bromophenyl)sulfane 
To an oven-dried 350 mL pressure vessel containing a magnetic stir bar, copper 
iodide (0.670 g, 3.53 mmol), potassium carbonate (4.88 g, 35.3 mmol), sodium sulfide 
Nona hydrate (5.10 g, 21.2 mmol), 1-bromo-2-iodobenzene (10.0 g, 35.3 mmol) and DMF 
(200 mL) were added under nitrogen atmosphere. The reaction flask was immersed in an 
oil bath, which was heated to 120 °C and was stirred overnight. Water (400 mL) was added 
to the reaction mixture, and the organic product was extracted with ethyl acetate (3 x 300 
mL). The combined organic layers were dried over MgSO4, filtered, and concentrated by 
rotary evaporation. The crude product was purified by column chromatography with 
hexanes/ ethyl acetate (9.5:0.5) as the eluent, yielding the product (8.74 g, 72%) as a white 
solid. 1 H NMR (400 MHz, DMSO-d6)  (ppm): 7.74 (dd, J =7.8, 1.6 Hz, 2H), 7.37 (td, J 
= 7.8, 1.6 Hz, 2H), 7.27 (td,  J =7.8, 1.5 Hz, 2H), 7.10 (dd, J = 7.8, 1.5 Hz, 2H). 13C NMR 
(100 MHz, DMSO-d6)  (ppm): 134.80, 134.02, 132.67, 130.11, 129.40, 125.34. GCMS: 
m/z 344 (40%), 184 (60%).  
N-isopropyl phenothiazine (iPrPT) 
To an oven-dried 150 mL pressure vessel containing a magnetic stir bar, 
bis(dibenzylideneacetone)palladium(0) (0.0860 g, 0.150 mmol) and 2,2’-
bis(diphenylphosphino)-1,1’-binaphthalene (0.144 g, 0.230 mmol) was added in an argon 
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filled glove box. Anhydrous toluene (100 mL) was added and stirred for 30 min at rt under 
nitrogen atmosphere. Isopropylamine (0.340 g, 5.81 mmol), bis(2-bromophenyl)sulfane 
(2.0 g, 5.81 mmol) and sodium-tert-butoxide (0.425 g, 8.00 mmol) were added to the 
reaction mixture and flushed with nitrogen for 1 min. The reaction flask was immersed in 
an oil bath, which was heated to 100 °C and stirred overnight. Diethyl ether (100 mL) was 
added, and the organic product was filtered through a pad of celite and concentrated by 
rotary evaporation. The crude compound was purified by column chromatography with 
hexanes as eluent, yielding the product (1.15 g, 82%) as a white solid. 1H NMR (400 MHz, 
DMSO-d6)  (ppm): 7.16 (td, J = 7.4, 1.5 Hz,  2H), 7.11-7.08 (m, 4H), 6.92 (td,  J =7.4, 
1.2 Hz, 2H), 4.23 (sep, 1H), 1.53 (d, J = 7.0 Hz, 6H). 13C NMR (100 MHz, DMSO-d6)  
(ppm): 145.12, 127.83, 127.49, 125.61, 123.06, 118.23, 52.97, 22.13. GCMS: m/z 241 
(40%), 198 (100%). Anal. calcd. for C15H15NS C, 74.65; H, 6.26; N, 5.80. Found C, 74.80; 
H, 6.44; N, 5.85.   
N-(tert-butyl)phenothiazine (tBuPT) 
To an oven-dried 150 mL pressure vessel containing a magnetic stir bar, 
bis(dibenzylideneacetone)palladium(0) (0.0860 g, 0.150 mmol) and 2,2’-
bis(diphenylphosphino)-1,1’-binaphthalene (0.144 g, 0.230 mmol) were added in an argon 
filled glove box. Anhydrous toluene (100 mL) was added and stirred for 30 min at rt under 
nitrogen atmosphere. tert-butylamine (0.420 g, 5.81 mmol), bis(2-bromophenyl)sulfane 
(2.00 g, 5.81 mmol) and sodium tert-butoxide (0.425 g, 8.00 mmol) were added to the 
reaction mixture and flushed with nitrogen for 1 min. The reaction flask was immersed in 
an oil bath, which was heated to 100 °C and stirred overnight. Diethyl ether (100 mL) was 
added, and the organic product was filtered through a pad of celite and concentrated by 
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rotary evaporation. The crude compound was purified by column chromatography, using 
hexanes as eluent, yielding the product (1.12 g, 76%) as a white fluffy solid. 1H NMR (400 
MHz, DMSO-d6)  (ppm): 7.27-7.18 (m, 6H), 7.07-7.03 (m, 2H), 1.32 (s, 9H). 13C NMR 
(100 MHz, DMSO-d6)  (ppm): 144.97, 134.29, 127.87, 127.36, 126.96, 124.70, 59.50, 
31.68. GCMS: m/z 255 (5%), 199 (100%), 167 (40%). Anal. calcd. for C16H17NS C, 75.25; 
H, 6.71; N, 5.48. Found C, 75.44; H, 6.77; N, 5.55.   
N-phenylphenothiazine (PhPT) 
Iodobenzene (3.00 g, 12.0 mmol, 60% dispersion in mineral oil) was added to 
anhydrous N, N-dimethylformamide (100 mL) in a 250 mL round-bottomed flask under 
nitrogen atmosphere. Cu powder (0.200 g, 3.00 mmol) was then added to the reaction flask 
and stirred for 10 min. Phenothiazine (2.00 g, 10.0 mmol) in anhydrous N, N-
dimethylformamide (40 mL) was added drop-wise to the reaction flask. Then potassium 
carbonate (1.67 g, 12.0 mmol) was added to the reaction flask and the contents were stirred 
for an additional 10 min. A reflux condenser was attached and the reaction flask was 
immersed in an oil bath, which was heated to reflux and stirred overnight. Water (20 mL) 
was added to the reaction mixture and the organic product was extracted with ethyl acetate 
(2 x 50 mL). The combined organic layers were dried over MgSO4 and were concentrated 
by rotary evaporation. The crude product was purified by recrystallization from pentane-
ether mixture, yielding the product (1.95 g, 71%) as an off- white solid.1H NMR (400 MHz, 
CDCl3)  (ppm): 7.61-7.58 (m, 2H), 7.49-7.45 (m, 1H), 7.40-7.25 (m, 2H), 7.01 (dd,  J 
=7.0, 1.6 Hz, 2H), 6.86-6.78 (m, 4H), 6.19 (dd,  J =8.2, 1.6 Hz, 2H). 13C NMR (100 MHz, 
CDCl3)  (ppm): 144.25, 140.96, 130.85, 130.73, 128.17, 126.81, 126.70, 122.43, 120.14, 
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116.01. GCMS: m/z 275 (100%), 243 (30%), 198 (25%). Anal. calcd. for C18H13NS C, 
78.51; H, 4.76; N, 5.09. Found C, 78.47; H, 4.68; N, 4.97.   
3.1.3. Instrumentation 
Computational Analysis 
DFT calculations were performed with Gaussian 09.69 First, the molecular 
geometries were optimized by the semi-empirical quantum chemical method PM3.70 Then 
density functional theory  (DFT) was used for further optimization of geometry using 
Becke’s three parameter exchange functional (B3)33 in combination with Lee, Yang, and 
Parr’s (LYP)32 correlation functions on the basis set of 6-31G(dp). Calculations were 
performed in the gas phase for neutral species (B3LYP) and radical cations (UB3LYP) 
where an unrestricted formalism was applied. Adiabatic ionization potentials (AIP) were 
obtained in the gas phase from the total energy differences between the optimized 
structures of neutral and charged (radical cation) species. From the AIP values, the 
oxidation potentials of the selected redox shuttle candidates could be predicted versus 
lithium using the formula, [-0.91+0.71(AIP)], which was developed in the laboratory by 
screening a library of phenothiazine molecules. 
Cyclic Voltammetry (CV)  
Cyclic voltammetry (CV) experiments were performed using a CH Instrument 
600D potentiostat. Cyclic voltammograms in 0.1 M nBu4NPF6 in anhydrous 
dichloromethane (DCM) were recorded at a scan rate of 100 mVs-1, using a three-electrode 
system containing glassy carbon as the working electrode, platinum wire as the counter 
electrode, and freshly anodized Ag/AgCl as the reference electrode. The concentration of 
the phenothiazine derivatives (analyte) was 3.0 x 10-4 M in 0.1 M nBu4NPF6 in anhydrous 
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DCM. Ferrocene (Cp2Fe) was added to each analyte sample as an internal standard and the 
peaks were referenced to Cp2Fe+/0 at 0 V.   
The CV experiments were also performed in the battery electrolyte consisting of 
1.2 M LiPF6 in EC/EMC (3:7) at a scan rate of 100 mVs-1 with glassy carbon as the working 
electrode, platinum as the counter electrode, and lithium as the reference electrode in an 
argon-filled glove box. The analyte concentration was maintained same as in CV 
experiments in 0.1 M nBu4NPF6 in DCM. Ferrocene (Cp2Fe) was added to each analyte 
sample as an internal standard, and the peaks were referenced to Li+/0 at 0 V. For 
consistency purposes, multiple scans were recorded for each sample in both the 
electrolytes.  
Battery Cycling Experiments 
Lithium iron phosphate (LiFePO4) cathodes were purchased from Piotrek, Japan. 
The synthetic graphite anode, also termed as ‘Gen 2 anode’, was supplied by Argonne 
National Laboratory, (IL, USA), along with 2032 coin cell battery components including 
battery case (upper and lower caps), spacers and gaskets. Gen-2 anode was composed of 
92 wt.% MAG-10 graphite (Hitachi) as the active material and 8 wt.% PVDF as the binder. 
The separator (Celgard 2325) was a 25 μm micro porous trilayer membrane consisting of 
polypropylene/polyethylene/polypropylene (PP/PE/PP), donated by Celgard (NC, USA).  
Overcharge tests were conducted with 2032 coin cells using LiFePO4 as the cathode 
and synthetic graphite as the anode. The electrolyte used was 1.2 M LiPF6 in EC/EMC 
(3:7). The selected phenothiazine derivatives were tested as redox shuttles at a 
concentration of 0.08 M in 1.2 M LiPF6 in EC/EMC (3:7). 2032 coin cell batteries were 
assembled in an argon filled glove box and the battery cycling experiments were performed 
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on a Maccor 4200 Battery Cycler. The battery cycling procedure involved charging the 
coin cells with constant current C/10 for 20 h (100% overcharge) or until a specific upper 
voltage (5.0 V) was reached. If the voltage of the coin cell did not reach 5.0 V after 20 h, 
the charging step was followed by a 30 s rest and discharging to 3.0 V with the same current 
rate. If a coin cell reached an upper voltage of 5.0 V, it indicated that the specific coin cell 
has failed to protect the battery from overcharge and was stopped cycling subsequently.  
Ultraviolet-visible (UV-vis) spectroscopy 
UV-vis spectra were obtained using optical glass cuvettes (Starna) with 10 mm path 
length on an Agilent 8453 diode array spectrometer. The UV-vis spectra for the radical 
cations of the selected phenothiazine derivatives (analytes) were obtained in three solvents: 
anhydrous DCM, EC/EMC (3:7), and 1.2 M LiPF6 in EC/EMC (3:7), respectively.  For 
recording the UV-vis spectra of the radical cations in anhydrous DCM, the stock solutions 
of the analytes and TBPA+. were prepared by dissolving 2.5 x 10-3 M (8–10 mg) in 15 mL 
and 5.0 x 10-4 M (8.16 mg) in 20 mL of anhydrous DCM, respectively. 2.0 mL of each of 
the analyte stock solution was transferred to a cuvette followed by the addition of 1.0 mL 
from the oxidant stock solution using a 1 mL syringe, and the cuvette was immediately 
capped with a Teflon stopper and rotated to distribute the oxidant throughout the sample. 
The final concentration of the oxidant to analyte in each cuvette was 1.6 × 10-4  M : 1.6 
× 10-3 M or in a ratio of 1:10. The spectra for each analyte were recorded at different times 
over a period of 5 h, in order to observe the absorbance profile of each radical cation at 
each time interval. For recording the UV-vis of the radical cations of the selected 
phenothiazine derivatives in EC/EMC and 1.2 M LiPF6 in EC/EMC, the analyte and the 
oxidant concentration, and the amounts were same as used in the UV-vis studies of radical 
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cations in anhydrous DCM. The experiments for all the analytes were repeated thrice in 
each solvent to record consistency.  
The UV-vis spectra for the neutral forms of the selected phenothiazine derivatives 
(analytes) were obtained in four solvents: anhydrous DCM, 0.1 M nBu4NPF6 in DCM, 
EC/EMC and 1.2 M LiPF6 in EC/EMC, respectively.  The stock solutions were prepared 
by dissolving 3.0 x 10-4 M (2–3 mg) of the analytes in 20 mL of anhydrous 
dichloromethane. 3 mL of each of the analyte stock solution was transferred to a cuvette 
and the absorbance spectra was monitored immediately. The spectra for each analyte were 
monitored at different time intervals for a period of 1 h. For recording the UV-vis of neutral 
analytes in 0.1 M nBu4NPF6 in DCM, EC/EMC and 1.2 M LiPF6 in EC/EMC, the analyte 
concentration and amounts were same as used in the UV-vis studies of neutral analytes in 
anhydrous DCM. 
Electron Paramagnetic Resonance (EPR) spectroscopy 
The EPR spectra were obtained using 4 mm quartz EPR tubes (Wilmad) on an X-
band Bruker EPR spectrometer. For generating the radical cations of PT and tBuPT, the 
same amounts and concentrations of neutral redox shuttle and oxidant were combined and 
transferred to the EPR tube as were used in the UV-vis studies of radical cations. The initial 
spectra were obtained within 1 min of oxidant addition, which was followed by a 10 min 
acquisition. 
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3.2. Experimental Procedures for Chapter Two 
3.2.1. General 
Graphite nanofibers (NFs) and graphite oxide (GO) were obtained from a non-
disclosed commercial source, and carbon nanotubes (CNTs) were obtained from the 
Weisenberger group at the Center for Applied Energy Research (CAER), University of 
Kentucky and used without further purification or analysis. Thiourea dioxide reduced 
graphite oxide (TUDO) was synthesized following a similar procedure for the previously 
reported material.71 Formamidinesulfinic acid or thiourea dioxide and NMP were 
purchased from Acros Organics. Sodium hydroxide pellets were purchased from Fischer 
Scientific.  Anhydrous solvents were purchased from Fisher Scientific. EC, EMC, and 
LiPF6 were purchased from BASF Corporation (NJ, USA). PVDF was purchased from 
Polysciences, Inc. Sonication was performed on a QSonica (Q700) sonicator (CT, USA). 
A Hitachi S-2700 scanning electron microscope (SEM), operating in gentle-beam mode at 
10 kV was used to acquire SEM images. The solid samples were transferred to a carbon 
tape held onto a SEM sample holder for analyses. The analyses of the samples were carried 
out at an average working distance of approx. 20 mm. 
3.2.2. Synthesis and preparation of anodic slurries 
Thiourea dioxide reduced graphene oxide (TUDO) 
In a 500 mL Erlenmeyer flask, graphite oxide (2.0 g) in deionized water (240 mL) 
was subjected to sonication at 37 kHz for 3 h to obtain graphene oxide in solution. The 
contents of the flask were transferred to a 1.0 L round-bottomed flask and ethanol (160 
mL) was added. Sodium hydroxide pellets (8.0 g) was added in two portions over a period 
of 10 min, which was followed by the addition of thiourea dioxide (8.0 g) in four portions 
  
76 
 
over a period of 20 min. The reaction flask was immersed in an oil bath, which was heated 
to 90 °C and was stirred overnight. The mixture was filtered under vacuum and washed 
with ethanol (4 x 50 mL), followed with water (2 x 50 mL) until a neutral pH of the filtrate 
was obtained. The solid samples were dried in an oven at 100 °C for 48 h, yielding the 
product (1.77 g) as a fluffy black solid.  
Fabrication of Anodes 
To a solution of NMP (3 mL) in a 100 mL round-bottomed flask was added MCMB 
(0.8 g), PVDF (0.1 g), and the filler material (0.1 g) under study, and stirred for 30 min at 
rt to form a viscous slurry. The ratio of MCMB active material to PVDF to filler material 
under study was 8:1:1 wt. ratio.  Anhydrous tetrahydrofuran (7 mL) was added to the 
reaction flask to dilute the slurry. Half the volume of the anodic solution (5-6 mL) was 
subjected to sonication at 50 kHz for 30 min and the other half was used without further 
treatment.  The sonicated and the non-sonicated slurry solutions were loaded to an air brush 
(Iwata Kustom, USA) and coated to a copper current collector (10 x 10 cm, NEI Corp. 
USA). The copper current collectors were dried in a vacuum oven at 100 °C for 48 h. After 
the heat treatment, the fully fabricated anodes were transferred into an argon filled glove 
box to evaluate their cycling performance in half and full coin cell batteries.  
3.2.3. Instrumentation 
Lithium nickel cobalt aluminum oxide (LiNi0.8Co0.15Al0.05O2) cathode, also termed 
as ‘Gen 2 cathode’, was supplied by Argonne National Laboratory, (IL, USA), along with 
lithium foil electrodes and the 2032 coin cell battery components. Gen-2 cathode was 
composed of 84 wt.% LiNi0.8Co0.15Al0.05O2 as the active material, 8 wt.% PVDF, 4 wt.% 
SFG-6 graphite and 4 wt.% carbon black. The separator (Celgard 2325) was a 25 μm 
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microporous trilayer membrane consisting of PP/PE/PP, was donated by Celgard (NC, 
USA).  
For the half cell cycling, 2032 coin cells were assembled in an argon filled glove 
box using circular disk shaped lithium foil as cathodes and the anodes that were fabricated 
in the laboratory using the selected filler materials (AB, NFs, CNTs, GO, TUDO). The 
electrolyte used was 1.2 M LiPF6 in EC/EMC (3:7). The battery cycling experiments were 
performed on a Maccor 4200 Battery Cycler. The battery cycling procedure involved 
charging the coin cells with constant current C/10 for 5 h until a specific upper voltage of 
2.5 V was reached. This was followed up discharging to 0.005 V with the same current 
rate. The procedure was repeated for 10 charge-discharge cycles.  
Full cell batteries were assembled in a way similar to the half cells, except for the 
Gen-2 cathode was used as the cathode material instead of lithium foil.  The battery cycling 
experiments were performed on a Maccor 4200 Battery Cycler. The battery cycling 
procedure involved charging the coin cells with constant current C/10 for 5 h until an upper 
voltage of 4.0 V was reached. The charging step was followed by a 5 s rest and discharging 
to 3.0 V for 5 h with the same current rate. The procedure was repeated for 100 charge-
discharge cycles.  
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